Hydrogenase maturation endopeptidases catalyse the terminal step in the maturation of the large subunit of [NiFe]-hydrogenases. They remove a C-terminal extension from the precursor of the subunit, triggering a conformational switch that results in the bridging of the Fe and Ni atoms of the metal centre via the thiolate of a cysteine residue and in closure of the centre. This review summarizes what is known about the structure of the protein, its substrate specificity and its possible reaction mechanism.
Introduction
[NiFe]-Hydrogenases contain a bimetallic centre which is co-ordinated by the thiolates of four cysteine residues from the large subunit and in which the Fe atom carries three non-protein ligands, namely two cyanide and one carbon monoxide [1] . Synthesis of the ligands and co-ordination of the Fe atom is achieved by the activity of four maturation proteins, namely HypE, HypF, HypC and HypD [2] . Two other auxiliary proteins, HypA and HypB, have a function in providing and inserting Ni [3] . The final step of maturation involves the activity of an endopeptidase which removes an oligopeptide from the C-terminus of the large subunit. The proteolytic maturation is followed by a conformational change, closing of the metal centre, its assembly with the small hydrogenase subunit and finally in the appearance of enzyme activity.
Substrate and cleavage site specificity
C-terminal processing of the large subunit as the final maturation step was first described for the enzyme of Azotobacter vinelandii [4] . MS analysis of the cleavage products showed that the cleavage site is three amino acids C-terminal to the cysteine whose thiolate serves as a ligand bridging the Ni and Fe atoms in the mature enzyme [see Figures 1  and 3(B) for HycE, the large subunit of hydrogenase 3 from Escherichia coli]. The alignment of the sequences of the precursors of the large subunit from different organisms showed that the R amino acid is well conserved being a histidine in the vast majority of cases; only in rare exceptions is it replaced by an arginine or glutamine residue. The R residue in most cases is held by a non-polar residue, mainly valine or methionine, with threonine, histidine or alanine as deviations Key words: cleavage site, endopeptidase mutants, hydrogenase, metal centre, substrate complex. Abbreviations used: for brevity, the single-letter system for amino acids has been used; e.g. R 537 means Arg 537 . 1 To whom correspondence should be addressed (email august.boeck@lrz.unimuenchen.de). [5] . On the other hand, the C-terminal oligopeptide which is removed by the endopeptidase varies greatly between different organisms, both in sequence and in size. It contains as many as 32 amino acid residues in the precursor of the large subunit of hydrogenase 3 from E. coli and only five in that of the hydrogenase from Methanococcus voltae [5] . It needs emphasis, however, that only for a few cases has the cleavage position been determined experimentally.
To probe the requirements for proteolysis the amino acid replacements given in Figure 1 have been introduced into the R and R positions. Truncations from the C-terminal end of the extension have been constructed as well [6] . Exchange of R 537 by other basic, acidic or non-polar residues did not affect the activity to act as a substrate for the endopeptidase. Active enzyme, however, was formed only in the case of substitution with basic residues and with alanine. Although being fully processed, substitution with non-polar residues with long side chains delivered less active enzyme, whose residual activity correlated with the size of the aliphatic side chain. All mutant forms of the protein were present in normal cellular amounts.
Replacement of M 538 by other non-polar residues yielded stable variants which were processed and gave active enzyme. Exchange by basic or acidic residues greatly destabilized the precursor so that only minute amounts were present. These residual amounts were not matured in the case of the M538E and M538D variants but appeared to be cleaved in the M538K and M538R forms. Truncations were tolerated until position −20 but resulted in unstable products as judged by decreased cellular levels.
An absolute requirement for cleavage, on the other hand, was that nickel had been incorporated into the precursor. This was shown by in vitro experiments employing purified endopeptidase and purified precursor either containing the metal or devoid of it [7] . Moreover, proteolysis took place when Ni had been inserted before the addition of high concentrations of metal chelators but was blocked when the chelating agents were donated before metal addition [8] .
In vivo experiments employing mutant variants of the large and of truncations of the C-terminal extension on processing, activity and apparent stability of the variants generated Exchanges introduced were: R 537 into acidic (Glu, Asp), basic (His, Lys), apolar (Ala, Leu, Ile) residues. M 538 into acidic (Glu, Asp), basic (Arg, His, Lys) and apolar (Ala, Leu) residues.
subunit with replacements of the cysteine residues coordinating the nickel showed a full correlation between Ni content and the amenability to processing [9] . Altogether, these results show that there is no stringent sequence requirement at the cleavage site for proteolysis; inserted nickel, however, is essential for cleavage to proceed. They also point to an essential chaperone-like role of the C-terminal extension in maintaining a 'correct' conformation since many of the mutant variants were prone to degradation.
Structure of the endopeptidase
Two different endopeptidases have been purified and studied to date, namely HycI and HybD from E. coli [10, 11] . HycI is specific for hydrogenase 3 maturation, whereas
HybD is the endopeptidase involved in processing the large subunit of hydrogenase 2. Both are monomeric proteins of a molecular mass of approx. 17 kDa. They are devoid of metal or other cofactors [8] . Genetic and biochemical characterization was performed mainly with HycI but crystallization of this protein failed. On the other hand, an X-ray crystal structure was obtained for HybD [11] . All further discussion therefore rests on correlation of the structural characteristics of HybD with the biochemical data gathered for HycI. HybD crystals contained a Cd ion from the crystallization buffer. It is co-ordinated by two oxygens of E 16 , one oxygen from D 62 , an imidazole nitrogen of H 93 (HybD designations) and by a water molecule (Figure 2, left panel) . The Cd binding site is located at the bottom of a cleft at the C-terminal side of a twisted β-sheet surrounded by three and four helices.
Since it was believed that the Cd binding site mimics the nickel binding site [11] , amino acid exchanges were introduced into the conserved positions of HycI [8] . 90 by the chemically similar glutamine residue, on the other hand, yielded an enzyme with residual activity. These results were taken as a support for the contention that Cd binding in the crystal reflects Ni binding during catalysis and that nickel acts as a recognition motif in the interaction between the endopeptidase and its substrate [8, 11] .
An amino acid alignment of HycI and HybD with the sequences of endopeptidases from other organisms has highlighted a few fully conserved positions and several semiconserved ones [10, 11] . To search for side chains potentially involved in catalysis all these positions in HycI were replaced and the activity in processing was determined. Finally, error-prone PCR was used to statistically mutagenize the hycI gene and to search for alleles whose products may suppress the deleterious effect of the M538D and M538E mutations in the cleavage position (see Figure 1) . No suppressors were obtained.
In summary, no other essential amino acids apart from those involved in co-ordinating the Cd ion in the crystal structure could be detected.
Towards the mechanism and biochemical function
Under the assumption that one of the residues co-ordinating the Cd ion may be involved in catalysis, one should expect that in the case of the mutant protease forms substrate binding may still take place but cleavage or product release may be blocked. This should result in the formation of a stable complex between the endopeptidase and its substrate. To this end, cell-free extracts of transformants carrying the hycI alleles were separated by non-denaturing polyacrylamide gel electrophoresis and developed with antibodies directed against the endopeptidase and the large hydrogenase subunit ( Figure 3A) . It was found that a stable complex between the proteins is clearly and only seen in the case of the D62N variant. This strongly suggests the participation of D 62 in catalysis, most probably by providing the acidic residue required for hydrolysis. In addition, it implicates that D 62 may not be a de facto ligand for metal binding but may have been 'artifactually' forced into the binding site of the crystal structure because of the lack of the nickel-containing substrate. Further evidence for this assumption is that D 62 binds
Cd only by one of the oxygen atoms and over a longer distance compared with those of the other co-ordinating groups [11] .
The following scenario, although speculative at present, can be postulated: the endopeptidase binds to the exposed C-terminal domain of the large subunit in which the metal is co-ordinated by three of the thiolates ( Figure 3B) . Nickel serves as a recognition motif by its interaction with H 90 alone or with H 90 plus G 16 of the peptidase. Proteolysis may take place by following either a metal or acid catalysed reaction mechanism. In the former case, nickel may polarize the carbonyl oxygen bond and D 62 may function as the acidic residue activating the water molecule required for hydrolysis. Alternatively, and similar to the mechanism followed by aspartic peptidases, another possibility is that recognition of the substrate involves only H 90 and G 16 serves as the second acidic residue required for positioning and polarizing the carbonyl oxygen of the R peptide bond. In either case, replacement of D 62 still allows docking of the substrate but blocks the cleavage reaction or the release of the products.
Intriguingly, the variant containing the D62M exchange does not form this complex ( Figure 3A) . One trivial reason may be the steric or chemical hindrance of substrate binding by the large and hydrophobic side chain. Another possibility is that the carbamoyl group of the N 62 variant is capable of positioning the water molecule through hydrogen-bonding but is incapable of polarizing it sufficiently for catalysis. Final proof, of course, requires the elucidation of the structure of a complex of the endopeptidase with its substrate. Figure 3 (B), finally, displays the postulated reaction sequence. The co-ordination of the Ni atom by three of the thiolates is deduced from mutagenesis studies which showed that C 1 , C 2 and C 3 are required for nickel insertion in vivo and subsequent processing, whereas C 4 exchange leads to a nickel-containing precursor which is cleaved but yields inactive enzyme [9, 12] . After cleavage the thiolate of C 4 , as a consequence of a conformational switch, moves into the vicinity of the incomplete metal centre and bridges Fe and Ni. This switch is visualized by a significant change in the migration velocity and resolution pattern during electrophoresis [13] . This conformational switch most probably leads to internalization of the metal centre that is buried in the interior of the large subunit close to the interface with the small subunit [1] . An additional rationale for the existence of this complicated mechanism may reside in the aim to kinetically drive the incorporation process and to render it irreversible. Intriguingly, sensory hydrogenases [14] and hydrogenases of the Ech type [15] lack the proteolytic maturation step; an explanation must await the resolution of their three-dimensional structure.
